Abstract. The common grades of steel used in roll forming are: hot rolled, high strength low alloy and recovery annealed cold rolled sheet. These steels are prone to ageing and are often skin passed and/or roller leveled to eliminate ageing as this can lead to problems in forming. Shape defects such as bow, twist and camber can be increased due to a change of the elastic-plastic transition point of the material. In consideration of this effect the knowledge of the material properties in the elastic plastic transition range is necessary if the processes are to be modelled accurately. Previous studies have indicated that residual stresses are not well identified in the standard tensile test, but were shown clearly in a bending test. The elastic plastic transition in bending and the moment curvature characteristic were changed significantly by a light cold rolling reduction. In this work the FEA package Abaqus is used to investigate the effect of residual stresses introduced through skin passing and/or roller leveling on the bending/yielding behaviour of mild steel. Therefore, a skin passing/ roller leveling process is simulated, followed by a subsequent bending test. Residual stress free sheet is compared in bending to just "skin passed", "roller leveled" and a combined "skin passed and roller leveled" strip. Skin passing significantly reduces the bending yield stress due to residual stresses. This has a softening effect on subsequent bending operations. A roller level process prior to roll forming can restore the bending yield stress by reducing the residual stress across the thickness. This has implications for forming aged material.
Numerical Investigation on the Effect of Skin Passing and Roller Leveling on the Bending Behaviour of Mild Steel

INTRODUCTION
The advantages of roll forming include a high volume output, low formability requirements and moderate tooling costs. Complex sections can be formed with a high productivity and with good roll design, roll wear and abrasion is controlled [1] . Shape defects such as chamber, twist, bow and oil-canning are believed to be sensitive to the material behaviour at and near to the elastic, plastic transition. This behaviour is known to be influenced by a previously induced residual stress profile that arises during the steel production process or by bending or unbending during coiling [2] [3] [4] . inhomogeneous material characteristics (such as thickness and flatness variations) and inhomogeneous bending behaviour due to ageing effects can lead to unacceptable shape defects and springback variation and therefore the material may be subjected to skin passing or tension leveling at the mill.
Previous studies have shown that the skin passing process introduces residual stresses in the material that can affect the bending properties and through that the performance in the roll forming process [3; 4] . Roller leveling has been identified as a possible method for the reduction of residual stress in material that has been skin passed prior to roll forming. This work will numerically analyse the effect of roller leveling on residual stresses and the material behaviour in bending and through that, on the roll forming process. The FE package Abaqus is used to verify the difference in the residual stress profiles depending on the pre-treatment. Additionally it shows how the residual stress profile develops and changes during bending and how this can affect the yielding behaviour of sheet metal.
FINITE ELEMENTS MODELS
Abaqus was used to simulate three different pre-treatments and the effect of the resulting residual stress profiles. The conditions were "as received", "skin passed", "roller leveled" and "skin passed and roller leveled". The rolls were designated as "analytical rigid surfaces" and only the metal strip was defined as "deformable" using "plane stress CPS4R" elements. The sheet was placed in front of the rolls and an initial velocity was applied using "Abaqus boundary conditions" to push the material into the rolling gap. Once in the rolling gap, the sheet was pushed through the mill or the leveler by using "friction contact" of 0.3. The material flow curve in FIGURE 1 is obtained from the stress/strain data in a tension test of a mild steel sample and is labelled "as received"; the von Mises yield criterion is assumed to apply. A simplification was made and the yield stress was taken from the end of the yield point elongation as zero strain since the FE software was unable to compute with the flow curve input of a yield point elongation. The Young's modulus was taken as 210GPa and the Poissons ratio as 0.33. Mass scaling was neglected. Skin passing. "Skin passing" is modelled as two large rolls with a diameter of 65 mm having a constant radial velocity of v = 11.7 8 mm/s. The roll gap is set to 2.905 mm leading to a reduction of 3% and a final sheet thickness of 2.91 mm (FIGURE 2).
Roller leveling. The skin passing model was extended with smaller rolls of diameter 30 mm and is shown in FIGURE 3. The setup of the alternating rolls is similar to a laboratory roller leveler used in previous work [3] . At the right-hand end of the leveler, the rolled sheet can glide on frictionless on a "platform". The larger rolls are driven with a radial velocity of v = 1.45 r/s while the small rolls are driven with v = 3.14 r/s. For the simulation of the "roller leveling" process, the rolling gap between the large rolls is set to 3 mm (sheet thickness) to avoid reduction prior to leveling. For the "skin passing and roller leveling" treatment the rolling gap was set to a gap similar to "skin passing" to account for 3% reduction. The interpenetration in the roller leveler was adjusted so as to obtain a straight strip on exit. The lower rolls are set horizontal and the interpenetration (FIGURE 4) of the three top rolls was, from left to right, 2.46 mm, 2.705 mm and 2.95 mm. Bending. The bending model comprises two "analytically rigid" bending arms similar to the bending rig described elsewhere [3; 5] . The sheet was fixed in the top of the bending arms using a "surface based tie constraint". The material data and the residual stresses remaining after pre-treatment were imported into the bending model using the option "predefined fields". The left bending arm is fixed at the reference point (indicated by the cross) but is free to rotate. On the reference point of the right bending arm, a horizontal displacement of 80 mm to the right is applied.
Evaluation of residual stress in bending. The evaluation of the internal residual stress profiles through the sheet after pre-treating the sheet in "skin passing", "roller leveling" and the combination of both are shown in FIGURE 5. The sheet thickness is different for the different conditions and in order to show these on a single diagram the levels in the sheet thickness were normalised to a thickness of 3 mm.
RESULTS
Pre-Processing FIGURE 5 shows that the residual stress profiles are different in "skin passing" and in "roller leveling". The "skin passed" sheet contains the highest amount of surface tension (positive longitudinal stress). It also contains high compression stresses in the middle of the sheet and is symmetrical through the mid-thickness. "Roller leveled" and "skin passed and roller leveled" show similar residual stress profiles that are quite different from the skin passed material. The "roller levelled" residual stresses show lower stresses than the "skin passed" near the surface and are not symmetric about the mid-plane. It appears that roller leveling wipes out the residual stresses due to skin passing.
Bending
The moment curvature diagrams determined from the numerical bending model are shown in FIGURE 6. The bending yield stress (FIGURE 7) is calculated using; where, , is the moment at the elastic/plastic transition, or the limit of linear bending, and, t, is the sheet thickness. The test data and analysis are described in more detail elsewhere [5] . The diagrams illustrate the significant softening effect in bending due to skin passing, and show how this is eliminated by roller levelling. The increase in bending strength at higher curvatures compared with that for the as received material is presumably due to strain hardening during the pre-processing. 
Stress Profiles During Bending
To visualise the effect of the residual stress profiles during bending a "path" or section was defined. The change in stress distribution on this section during bending is shown in FIGURE 8 to FIGURE 11. As Received. In the "as received" bending simulation (FIGURE 8) the outer fibre stress reaches the yield point on the tension side of the sheet and on the compression side (indicated by the arrows) at the same curvature of at at the value of ~380 MPa. Skin Passed. In contrast to the "as received" condition, the "skin passed" strip (FIGURE 9) has a pre-existing stress profile with high tension stresses in the surfaces and compressive stresses in the middle of the sheet. In the sheet region that is under tension during bending due to the already pre-existing tension stresses, yielding starts at a very low curvature of = 0.25/m (indicated with the short arrow on the bottom) and only additional tension stresses are required (~ 80 MPa) to initiate yielding. This leads to early yielding in one side of the sheet and to the reduced yield point observed in the bend test after skin passing. 
Skin Passed and Roller Leveled.
If the material is roller leveled after skin passing, the residual stress profile is significantly changed (FIGURE 10) . While the tension stresses in the top surface are reduced the residual surface stresses in the bottom of the sheet are changed from tension to compression. Given that during bending the bottom surface is in compression, more tension stress is required compared to the "skin passed" sheet where the pre-existing surface stresses were positive (indicated with the arrow on the bottom) to plastically deform this region. This means that the bottom part of the sheet now yields at higher curvatures ( = 0.2/m) and that higher stress values are required possibly leading to the increase in bending yield observed after roller leveling. The development of the residual stress profile during bending of the just "roller leveled" (FIGURE 11) material predicts very similar bending behaviour as previously described for the "skin passed and roller leveled" treatments. The major difference in respect of both pre-treatments are the absolute stress values which are higher for "skin passed and roller leveled" while the slope of curvature is similar.
DISCUSSION
Previous numerical and experimental work had shown that residual stresses from pre-straining in tension or skin passing lead to a significant reduction of the elastic/plastic transition moment in bending [2] [3] [4] . This trend was reproduced in the numerical models presented here and showed that the skin passing process introduces a residual stress profile into the material containing tensile stresses in the surface and compressive stress in the centre of the strip. During bending it was observed, that on the surface of the strip that is under tension, less stress is required to yield the material due to the pre-existing positive surface stresses. This early yield on one side of the strip could partly explain the reduction of the yield point that is observed for the bending of skin passed strip.
The FE simulation of a "skin passing" process followed by "roller leveling" indicates the increase/recovery of the bending yield point. The numerical model shows that this trend could be as a result of the significant change of the residual stress profile by the roller leveling process. The model results reveal the reduction of the tension stresses in the top surface and the change from tensile to compressive surface stress in the bottom of the sheet. During bending the bottom of the sheet is now in tension and due to the compressive residual stresses in the surface, higher stresses are required to plastically deform this region (in tension) leading to the increased bending yield stress.
While the bending yield point values predicted by the FEA for the skin passed material are consistent in both directions the bending of the roller leveled specimen deviate slightly. It is assumed that this is due to the asymmetrical residual stress profile after roller leveling. The asymmetry of the residual stress profiles after roller levelling probably reflects the small number of rollers (5) in the process modelled. Industrial roller levelling machines usually would have more rollers.
CONCLUSION
The aim of the this work was to numerically investigate the effect of skin passing and roller leveling on the residual stress profile through the material thickness and, based on these findings, to explain the changes of yielding behaviour in bending that has been observed in experiments [3] . The numerical analysis shows the effect on bending due to residual stresses in the material introduced by the preprocessing; especially the stresses close to the surface.
Skin passing substantially reduces the bending yield moment while roller leveling performed on the skin passed material resulted in the reduction of residual stresses and the recovery or increase of the bending yield moment.
As softening in the moment curvature characteristic is possibly the cause of some shape defects in roll forming, this work demonstrates the value of roller levelling to condition the sheet immediately prior to roll forming. Roller leveling also might be a way to achieve improved product quality and process robustness in the roll forming of sheet that has been pre-processed to eliminate the effects of ageing.
